Changes in behavioral state can profoundly influence brain function. Here we show that behavioral state modulates performance in delay eyeblink conditioning, a cerebellum-dependent form of associative learning. Increased locomotor speed in head-fixed mice drove earlier onset of learning and trial-by-trial enhancement of learned responses that were dissociable from changes in arousal and independent of sensory modality. Eyelid responses evoked by optogenetic stimulation of mossy fiber inputs to the cerebellum, but not at sites downstream, were positively modulated by ongoing locomotion. Substituting prolonged, low-intensity optogenetic mossy fiber stimulation for locomotion was sufficient to enhance conditioned responses. Our results suggest that locomotor activity modulates delay eyeblink conditioning through increased activation of the mossy fiber pathway within the cerebellum. Taken together, these results provide evidence for a novel role for behavioral state modulation in associative learning and suggest a potential mechanism through which engaging in movement can improve an individual's ability to learn.
C hanges in behavioral state are associated with modulation of sensory processing in mice. Recent studies have shown that locomotor activity and arousal influence both spontaneous activity and sensory-evoked responses across mouse sensory cortices [1] [2] [3] [4] [5] [6] [7] [8] , with important consequences for sensory perception. To what extent behavioral state modulation generalizes to other brain functions, however, remains unclear. Moreover, although locomotion also modulates activity within the cerebellar cortex 9-12 , the consequences of this modulation for cerebellar processing are largely unknown. Here we investigated the effects of behavioral state, and specifically locomotor activity, on delay eyeblink conditioning, a cerebellum-dependent form of associative learning.
In delay eyeblink conditioning, animals learn to close their eye in response to an initially neutral conditioned stimulus (CS) that is reliably predictive of an aversive unconditioned stimulus (US), such as a puff of air to the eye [13] [14] [15] . CS and US signals are conveyed to the cerebellum via distinct input pathways, mossy fibers (CS) and climbing fibers (US) 16 , each of which project to both the cerebellar cortex and deep cerebellar nucleus, where learning is thought to take place 13, 16, 17 .
We find that locomotor activity improves associative learning through mechanisms that are dissociable from arousal and independent of the modulation of cortical sensory responses. Further, optogenetic circuit dissection suggests that locomotion modulates delay eyeblink conditioning through mechanisms acting on the mossy fiber (CS) pathway within the cerebellum.
Results
We used a head-fixed apparatus with a freely rotating running wheel ( Fig. 1a ) to train mice in delay eyelid conditioning, a cerebellum-dependent form of associative learning 18, 19 . Daily conditioning sessions included 100 trials in which a neutral CS (unless otherwise indicated, a white LED) was paired with an airpuff US (a 50-ms, 40-psi airpuff directed at the eye). The CS preceded the US by 300 ms and the two stimuli co-terminated ( Fig. 1b) . Eyelid closures were recorded with a high-speed (900 fps) video camera, and conditioned (CR) and unconditioned response (UR) amplitudes were extracted with offline image processing (Fig. 1b) . We continu-ously measured the mouse's running with an infrared sensor placed underneath the wheel (Fig. 1c ).
Locomotor activity is associated with enhanced learning across mice. All mice trained with a visual CS (N = 34) learned to reliably make well timed CRs, steadily increasing both the percentage of trials that yielded CRs and their amplitude over the course of the daily training sessions (Fig. 1b,d) . However, the rate of learning was variable across individuals (Fig. 1d ).
How much each animal ran on average across the 20 training sessions was also highly variable ( Fig. 1c ). Comparing acquisition curves between the mice that ran the most and those that ran the least revealed that, on average, more active animals acquired CRs earlier ( Fig. 1d ). For each animal, we subdivided the acquisition of CRs into three phases ( Supplementary Fig. 1 ) and analyzed the onset session of learning ( Fig. 1e ), the slope of the acquisition curve ( Supplementary Fig. 1b ), and the plateau value of CR amplitude ( Supplementary Fig. 1c ). All of these features were positively correlated with the animals' average running speeds, indicating that the more an animal ran on average, the earlier ( Fig. 1e ; onset value: slope = -34.4, P < 0.001), faster ( Supplementary Fig. 1b ; slope of sigmoid: slope = 4.5, P < 0.01), and better ( Supplementary Fig. 1c ; plateau value: slope = 0.8, P < 0.05) it learned.
Conditioned response amplitudes correlate with locomotor activity across sessions and trials. Even in mice that reached high levels of performance, there were variations in CR amplitudes from session to session. We found that fluctuations in CR amplitudes from one session to the next were positively correlated with changes in the amount of locomotor activity ( Fig. 1f ; one-way ANOVA on random slope and intercepts linear mixed effects model (LME; F 1,155 = 24.271, P < 0.0001). Thus, learning was correlated with locomotor activity not just across animals, but also across sessions.
There was also considerable trial-to-trial variation in the amplitude of CRs within individual sessions, particularly before learning had saturated (Fig. 1g,h) . To determine whether this variation was correlated with trial-to-trial changes in locomotor activity, we sorted trials by running speed and averaged their conditioned response amplitudes. There was a linear positive relationship (one-way ANOVA on LME, F 1,180.29 = 83.023, P < 0.0001) between running speed and CR amplitude (Fig. 1h ), indicating that locomotor activity and eyeblink conditioning performance are correlated on a trial-by-trial basis.
We next asked whether the locomotor enhancement of CRs was specific to learned CRs, or whether eyelid closures were generally affected, by analyzing the blinks (URs) that the animal made in response to the unconditioned airpuff stimulus. We found that UR magnitudes were in fact negatively, not positively, modulated by locomotor speed (Fig. 1i ; one-way ANOVA on LME, F 1,91.898 = 27.366, P < 0.0001). This indicates that locomotor enhancement was specific to CRs and further suggests that increased salience of the UR, for example through stronger climbing fiber input, did not account for the improved learning. Taken together, these results indicate that the positive correlation between locomotor activity and eyelid conditioning performance held true across animals, sessions, and trials.
Externally controlled changes in running speed are sufficient to modulate learning. When mice are free to initiate locomotor activity voluntarily, they run more during periods of high arousal 8 . To ask whether the enhanced learning performance observed in Fig.  1 was driven indirectly by these changes in arousal, or by locomotor activity itself, we used a motorized treadmill to control running speed. We trained two randomly assigned groups of mice to a light CS at different fixed speeds, 0.12 m/s (N = 5) or 0.18 m/s (N = 7), for the entire duration of each of the conditioning sessions. Mice were first habituated to the motorized wheel until they walked normally and displayed no external signs of distress at the assigned speed (Supplementary Video 1).
Learning was faster and less variable on a fixed-speed motorized treadmill than on the freely-rotating, self-paced treadmill ( Fig. 2a,b ). Acquisition rates and CR amplitudes were also runningspeed-dependent. Animals running at a faster speed learned earlier ( Fig. 2a,b ; P < 0.0001) and had larger CR amplitudes ( Fig. 2c,d ; P < 0.01) than mice on the slower treadmill. Notably, variability in learning was reduced on the motorized treadmill, likely due to the elimination of variability in running within and across sessions. The finding that externally imposed changes in running speed were sufficient to modulate learning extends the correlative data from the self-paced treadmill to provide causal evidence that increases in locomotor activity enhance learning.
Modulation is CS-modality-independent and dissociable from changes in arousal.
Behavioral state differentially affects cortical processing of sensory stimuli of different modalities in mice 2,4,5,8,20,21 . In particular, increased locomotion is associated with positive modulation of visual responses 2,3 , but negatively modulates responses to auditory stimuli 4, 5 . To test whether the correlation we observed between locomotor activity and learning performance could be specific to the visual conditioned stimulus, we repeated the experiments from Fig. 1 but replaced the visual CS with either a tone or a vibratory stimulus delivered to the whisker ( Fig. 3a) . As was the case with a visual CS, we found that for both auditory and tactile CS modalities, increased locomotor activity on a self-paced treadmill was a positive predictor of larger CR amplitude from trial-to-trial ( Fig. 3b ; one-way ANOVA on LME, whisker CS: F 1,159.8 = 11.499, P < 0.001; tone CS: F 1,85.5 = 32.255, P < 0.0001). Inspecting acquisition curves revealed that learning to a whisker CS (N = 25) proceeded marginally significantly faster in mice that ran more rather than less ( Fig. 3c ; slope = -15.7, P = 0.052). For the tone CS (N = 16), we observed a similar, though not statistically significant, trend ( Fig. 3c ; slope = -8.9; P = 0.49).
We next took advantage of the reduction in variability on the motorized treadmill ( Fig. 2 ) to ask whether changes in running speed are sufficient to modulate acquisition of learning to a nonvisual CS modality. We trained two groups of mice to a whisker CS at different fixed treadmill speeds, 0.12 m/s (N = 5) or 0.18 m/s (N = 6). As previously seen using a visual CS ( Fig. 2a ), the rate of learning to a whisker CS was speed-dependent ( Fig. 3d ,e; P < 0.001). There was a corresponding enhancement of CR amplitude on the fast vs. slow treadmill ( Fig. 3f ,g; P < 0.01).
The previously described modulation of cortical sensory responses in mice is thought to result in part from changes in arousal, as measured by pupil size 22, 23 , rather than locomotor activity per se 1, 21, 22, 24, 25 . Using a nonvisual CS allowed us to measure pupil diameter to dissociate the effects of arousal versus locomotor activity on trial-to-trial modulation of eyeblink conditioning. As has been previously shown 1, 8 , we found that on average, locomotor activity and pupil size were positively correlated with each other on a self-paced treadmill ( Supplementary Fig. 2a ). However, we found no trial-to-trial correlation between pupil size and CR amplitudes ( Supplementary Fig. 2b ; one-way ANOVA on LME, whisker CS: F 1,225 = 0.203, P = 0.65; tone CS: F 1,162 = 0.1736, P = 0.68). These results suggest, notably, that trial-to-trial CR amplitude is positively modulated by locomotor activity but not arousal, despite the average correlation between those two signals.
We further investigated the intricate relationship between CR amplitude, running speed, and arousal by separately analyzing trials consisting of low and high levels of locomotor activity and pupil size ( Supplementary Fig. 2c-f ). We found that for both CS modalities (tactile and auditory), and for both low and high levels of arousal, CR amplitudes were positively modulated by speed ( Supplementary  Fig. 2c,d ). In contrast, there was no positive correlation between arousal and CR amplitude for either whisker ( Supplementary Fig. 2e ) or auditory ( Supplementary Fig. 2f ) CSs. In fact, at low speeds CR amplitudes were significantly negatively modulated by increased arousal for both CS modalities (whisker, P < 0.0001; tone, P < 0.01; Supplementary Fig. 2e ,f). Further, on trials in which the mice were still, CR amplitude was negatively correlated with pupil size for both whisker and auditory CSs ( Supplementary Fig. 2g ).
We next took advantage of the ability to hold locomotor speeds constant on the motorized treadmill to isolate the correlation between conditioned response amplitudes and pupil size. Notably, there was no difference in average pupil size at the two motorized speeds (Fig. 3h ). This suggests that while arousal (as measured by pupil size) clearly influences locomotor activity, the reverse is not necessarily true. Consistent with the data from the self-paced treadmill ( Supplementary Fig. 2e ,f), increased arousal on the motorized treadmill was not associated with larger CRs to a whisker CS ( Fig. 3h ; one-way ANOVA on LME, slow speed: N = 5, F 1,38 = 2.929, P = 0.095), and in fact, for faster motorized speeds, there was a negative correlation between pupil size and CR amplitude (oneway ANOVA on LME, fast speed: N = 6, F 1,102 = 10.35, P < 0.01). In summary, across experimental conditions, locomotor activity is associated with faster learning and larger conditioned responses regardless of the sensory modality of the CS, and this effect can be dissociated from the sometimes competing effects of arousal.
Learning to an optogenetic conditioned stimulus is positively modulated by locomotor activity. The finding that locomotor activity positively modulated conditioned responses regardless of CS modality ( Fig. 3 ) suggested to us that it might act downstream of CS processing, in eyelid conditioning areas themselves. In delay eyelid conditioning, the CS is conveyed to the cerebellum via mossy fiber (MF) inputs, and electrical stimulation of MFs has been shown to substitute for a sensory CS to drive eyelid conditioning in rabbits 26 . We reasoned that if locomotor modulation of eyeblink conditioning occurred downstream of MF inputs to the cerebellum, then learning to a CS consisting of direct MF stimulation should be enhanced by locomotor activity.
To test this hypothesis, we implanted fiber optics into an eyelid region of the cerebellar cortex ( Supplementary Fig. 3a ) of Thy1-ChR2/EYFP transgenic mice expressing channelrhodopsin 2 (ChR2) in cerebellar MFs (hereafter 'MF-ChR2' mice). Consistent with previous studies 27 , we verified that MF afferents to both cerebellar cortex and anterior interpositus deep cerebellar nucleus (AIP) expressed ChR2-YFP in these mice ( Supplementary Figs. 3a,d and 4a).
We first asked whether optogenetic stimulation of MF terminals within the cerebellar cortex could act as a conditioned stimulus for eyeblink conditioning (Fig. 4a,b ). For these experiments we used low-power laser stimulation (0.25-0.9 mW), well below the threshold for evoking eyelid closures in naive animals, as a CS (see early trials in Fig. 4c ). As with a sensory CS, mice gradually learned to make well-timed eyelid closures in response to optogenetic stimulation of cortical MFs (Fig. 4c ). On a self-paced treadmill, animals acquired CRs at rates that were, overall, comparable to those conditioned with a sensory CS ( Fig. 4d ; N = 7). However, given that these particular mice exhibited low levels of spontaneous locomotor activity, their acquisition was faster than would have been expected based on the relationship between locomotion and learning onset we described in Figs. 1 and 2 ( Fig. 4e ), perhaps due to bypassing noise in sensory processing of the CS 28 .
We next asked whether animals would acquire conditioned responses to a cortical MF-optogenetic CS even faster if they were running on a motorized treadmill. Because learning was already quite rapid, we were surprised to find that running on a fast motorized treadmill accelerated the onset of learning to a MF CS ( Fig. 4d ,e ; fast motorized (N = 7) versus self-paced (N = 7), fitted with linear regression: slope = -16.8; P < 0.001).
To determine whether locomotor activity modulated the expression of learning to an optogenetic CS, animals (N = 15) were placed on the motorized wheel for postconditioning test sessions with 50% CS + US and 50% CS-only trials. Each animal was tested at two speeds (0.06 m/s and 0.18 m/s; trials were presented in speed blocks and the order of blocks was counterbalanced across animals; Fig. 4f ,g). CR amplitudes were larger when the animals were running at faster speeds ( Fig. 4f ,g; P < 0.01). Finally, as was the case with sensory CS's, the locomotor modulation of optogenetically evoked CRs could not be accounted for by changes in arousal, as CRs were either not significantly correlated (at the faster speed) or were negatively correlated (at the slower speed) with pupil size ( Fig. 4h ; one-way ANOVA on LME, fast speed: F 1,55.3 = 0.845, P = 0.36; slow speed: F 1,11.9 = 59.5, P = 0.001). Thus, locomotor activity improved acquisition and expression of learning to an optogenetic MF CS, suggesting that locomotor activity acts downstream of cerebellar MFs to modulate delay eyeblink conditioning.
Locomotor activity modulates eyelid closures within the cerebellum. MFs synapse onto granule cells in the cerebellar cortex.
Granule cell axons, the parallel fibers, project to Purkinje cells, which in turn inhibit deep nucleus neurons, converging once again with the direct MF-to-deep nucleus inputs ( Fig. 5a ). Higher intensities of optogenetic manipulation of both MF and neurons downstream within the cerebellar circuit have been shown to drive eyelid closures in mice 29 .
We next asked whether eyelid closures elicited by optogenetic stimulation of different circuit elements within the cerebellum could be modulated by locomotor activity. To this end, we examined eyelid closures evoked by optogenetic stimulation at different sites in mouse lines with differential ChR2 expression patterns and compared and contrasted the observed modulation by locomotor activity.
As expected, optogenetic stimulation in the eyelid region of cerebellar cortex ( Supplementary Fig. 3a ) or the AIP ( Supplementary  Fig. 3d ) of MF-ChR2 mice evoked increases in multiunit neural activity ( Fig. 5f ,g) and short-latency, stimulation-intensity-dependent eyelid closures ( Fig. 5b,c) . Moreover, optogenetic stimulation in the cerebellar cortex of mice expressing ChR2 specifically in Purkinje cells (Pkj-ChR2; Supplementary Figs. 3c and 4c) yielded increases in Purkinje cell activity ( Fig. 5h ) and resulted in stimulation-intensity-dependent eyelid closures at laser offset ( Fig. 5d ).
Comparing the relative effects of locomotor activity on eyelid closures evoked by optogenetic stimulation at these different sites and mouse lines revealed differential effects. On a self-paced treadmill, eyelid closures evoked by optogenetic stimulation within the cerebellar cortex of MF-ChR2 mice were larger on trials in which mice were running faster ( Fig. 5j , blue; N = 8, one-way ANOVA on LME, F 1,1068.8 = 5.01, P < 0.05). The same pattern of dependence on locomotor activity was observed in mice running on a motorized treadmill ( Fig. 5k ; P < 0.05 for fast (0.18 m/s) vs. slow (0.06 m/s) motorized treadmill, N = 7). Notably, this effect was highly location-specific. In the same mouse line, optogenetic stimulation in the AIP (MF-ChR2-AIP) evoked eyelid closures that were negatively correlated with locomotor speed on the self-paced ( Fig. 5j , cyan; F 1,501.8 = 4.02, P < 0.05, N = 5) and motorized treadmills ( Fig. 5l ; N = 6, P < 0.05). Unlike the MF-ChR2 mice, however, the eyelid closures elicited by optogenetic stimulation within the cerebellar cortex of Pkj-ChR2 mice were not modulated by locomotor activity ( Fig. 5m ; N = 10, P = 0.94). Taken together, these results are consistent with the idea that the cerebellar cortex, somewhere between MF and Purkinje cells, is a site of action for the observed effects of locomotion on conditioned eyelid closures.
Next, we analyzed optogenetically evoked eyelid closures in mice in which ChR2 expression was targeted to cerebellar granule cells (gc-ChR2 mice; Supplementary Figs. 3b and 4b). Optogenetic stimulation in gc-ChR2 mice also evoked intensity-dependent, short-latency eyelid closures and changes in multiunit activity Fig. 1e (gray). The difference in learning onset between the fast and slow groups was significant (average session 3.4 vs. 6.4, respectively, ***P = 2.79 × 10 -6 , Student's twosided t test). c, Eyelid traces of individual trials for individual representative animals on the fast (magenta) vs. slow (cyan) motorized treadmills at learning session 7. The traces for every tenth trial are shown. d, Median CR amplitudes from S7 for animals (dots) running at the slow (S, cyan, N = 5) or fast (F, magenta, N = 7) motorized speed (fast vs. slow, **P = 0.003, Student's two-sided t test). Box indicates median and 25th-75th percentiles; whiskers extend to the most extreme data points. *P < 0.05, **P < 0.01, and ***P < 0.001.
( Fig. 5e,i) , and the eyelid closures were modulated by locomotor activity (Fig. 5n ). However, again, unlike optogenetic stimulation in the cerebellar cortex of MF-ChR2 mice, these eyelid closures were negatively correlated with locomotor activity on both self-paced ( Fig. 5j , green; F 1,939.5 = 30.68, P < 0.0001, N = 11) and motorized treadmills ( Fig. 5n ; P < 0.05, N = 11).
We took several steps to ensure the spatial and cell-type specificity of these optogenetics experiments. We empirically verified the predicted effective spatial separation by placing a fiber in the AIP of gc-ChR2 mice ( Supplementary Fig. 5a ). Even at relatively high laser intensities, this stimulation failed to drive blinks ( Supplementary  Fig. 5b ), in contrast to fiber placement within the cortex of the same mice ( Supplementary Fig. 5b,e ). Second, we observed clear differences in fluorescence expression patterns upon histological examination of each mouse line, which in every case were consistent with previous descriptions of cell-type specificity ( Supplementary  Fig. 4 ). Third, at the same site within the cerebellar cortex, optogenetic stimulation in MF-ChR2 and gc-ChR2 evoked eyelid closures at stimulation onset, while stimulation in Pkj-ChR2 mice evoked responses solely at stimulus offset ( Fig. 5b-e ). These differential responses are as predicted based on previous studies and are consistent with the sign inversion introduced by inhibitory interneurons between granule cells and Purkinje cells. In addition, the same photostimulation protocol applied in non-ChR2-expressing, wild-type animals did not elicit eyelid movement ( Supplementary Fig. 5c ). Finally, while histological examination of gc-ChR2 mice was consistent with specific ChR2-YFP expression in granule cells within the cerebellar cortex ( Supplementary Figs. 3b and 4b ), and we obtained electrophysiological ( Fig. 5i ) and behavioral ( Supplementary Fig.  5b ) responses consistent with this finding, we cannot entirely rule out the possibility of some additional ChR2 expression in nongranule cells in gc-ChR2 mice. Notably, however, additional nonspecific ChR2 expression in any other cells in the cerebellar cortex of the gc-ChR2 mice (or similarly, in MF-ChR2 or Pkj-ChR2 mice) would also be downstream of MFs and upstream of Purkinje cells, i.e., still within the cerebellar cortex. and slow (orange) motorized data are superimposed on the self-paced treadmill (yellow). The difference in onset learning between the fast and slow group was significant (***P = 1.92 × 10 -4 , Student's two-sided t test). f, Eyelid traces of individual trials for a representative animal on the fast (green) vs. slow (orange) motorized treadmill at S10. g, Quantification of CR amplitudes from S10 for animals (dots) running either at the slow (orange) or fast (green) motorized speed. The slow and fast groups were significantly different (**P = 0.0094, Student's two-sided t test). Box indicates median and 25th-75th percentiles; whiskers extend to the most extreme data points. h, Relationship between CR amplitude and pupil size for all CR trials from training sessions using a whisker CS on the fast (one-way ANOVA on LME, n = 8,249 trials, N = 6 animals, F 1,102 = 10.35, **P = 0.0017) vs. slow (one-way ANOVA on LME, n = 4,194 trials, N = 5 animals, F 1,38 = 2.929, P = 0.095) motorized treadmill. Line is average across animals; shadow indicates s.e.m. Inset: median pupil size (pixels) for both speeds (difference not significant (n.s.), P = 0.5109, Student's two-sided t test). Box indicates median and 25th-75th percentiles; whiskers extend to the most extreme data points. *P < 0.05, **P < 0.01, and ***P < 0.001.
Optogenetic 'tickling' of cerebellar MFs is sufficient to enhance conditioned responses. Recent studies demonstrating enhancement of MF-granule cell synaptic transmission via glutamate spillover during locomotion 10 , as well as multimodal convergence of MF inputs onto single granule cells [30] [31] [32] , present a potential mechanism for our findings. Specifically, elevation in MF tone during locomotion could enhance the representation of the CS at the level of individual granule cells, which must sum activity over multiple MF inputs to reach spike threshold 33 , and this enhancement could be responsible for the improved learning and expression of eyeblink conditioning during locomotion ( Fig. 6a ).
To explore this possibility, we used prolonged, low-intensity optogenetic stimulation of MFs in MF-ChR2 mice (Fig. 6b ) and asked whether this stimulation could substitute for increased MF activity during locomotion and enhance conditioned responses to a visual CS. We placed an optical fiber in the eye-lid region of cerebellar cortex, as in the previous experiments, and reduced the stimulation intensity even further below the levels used in Fig. 4 . Electrophysiological recordings verified the efficacy of this prolonged, low-intensity optogenetic stimulation ( Fig. 6c ). Blocks of trials with this low-level background stimulation ('tickle' blocks) were alternated with blocks without any stimulation ('no-tickle' blocks), while presenting a visual CS paired with an airpuff US and holding locomotor speed constant (at 0.12 m/s; Fig. 6b ). All animals showed increased CR amplitudes in blocks of trials with stimulation versus blocks without stimulation ( Fig. 6d,e ; N = 6, P < 0.01). Identical experiments conducted in non-ChR2-expressing wild-type animals to control for nonspecific effects of photostimulation had no effect on CR amplitudes (Fig. 6e ). These results demonstrate that prolonged, low-intensity stimulation of mossy fibers is sufficient to enhance conditioned responses, even in the absence of changes in arousal. 
Discussion
We found that delay eyeblink conditioning in mice is modulated by both volitional and externally imposed locomotor activity. Acquisition and expression of learning were enhanced in a speeddependent manner. The effects of locomotor activity generalized across CS modalities, were specific to learned responses, and were dissociable from changes in arousal. Optogenetic activation of cerebellar input pathways and circuit sites downstream provided evidence that locomotor activity acts within the cerebellum to mod-ulate learning. Our findings indicate a previously undescribed role for behavioral state in the modulation of associative learning and suggest a potential mechanism through which engaging in motor activities may improve an individual's ability to learn.
Locomotor activity modulates delay eyeblink conditioning. Several previous studies have highlighted the difficulties in establishing robust eyeblink conditioning in head-fixed mice 34, 35 . Performance improved when mice were allowed to run freely on a running wheel, an observation that has been attributed to removing stress and allowing the animals to engage in one of their favorite activities 36 . Our finding that locomotor activity modulates delay eyelid conditioning directly, within the cerebellum, provides a possible alternative mechanism to account for the earlier difficulties and the success of more recent approaches. Locomotor activity enhanced several features of learning. The onset and rate of learning were modulated in a speed-dependent way when animals were running on both self-paced and motorized treadmills. Notably, holding running speed constant with a motorized treadmill virtually eliminated the substantial animal-to-animal variability in acquisition that was observed on a self-paced treadmill (Fig. 2) . Expression of learning, as measured by trial-to-trial or session-to-session fluctuations of CR amplitude, was also positively modulated by locomotion ( Figs. 1, 3, and 4) .
Dissociable effects of locomotion and arousal.
Several lines of evidence in our data suggest that the positive correlation between locomotor activity and learning is dissociable from the effects of arousal, as measured by pupil size 1, 21 . First, while self-paced running speed is influenced by arousal, in the case of the motorized treadmill, the speed was externally imposed, and there was no difference in average pupil sizes at different motorized treadmill speeds (Fig. 3h ). Nevertheless, responses were locomotor speed-dependent on both self-paced and motorized treadmills, across all sensory and optogenetic conditioned stimuli. Second, not only did we never observe a positive modulation of CR's by arousal, notably, we observed negative modulation of eyelid closures by arousal across a broad range of stimulus conditions, including all sensory modalities ( Fig. 3h and Supplementary Fig. 2e,f) , optogenetic stimulation (Fig. 4h) , and even unconditioned responses (Fig. 1i ). Thus, it seems probable that there is a generalized arousal-based suppression within the eyelid closure pathway (likely downstream of MFs and/or AIP) that was overshadowed in most of our experiments by the more specific enhancement of CRs by locomotor activity.
One mechanistic possibility is that neuromodulator release related to locomotor activity positively modulates the effectiveness of MF-granule cell transmission by affecting some combination of MF terminals, granule cells, or Golgi cells. The cerebellum receives many neuromodulatory inputs, particularly noradrenergic signals relating to arousal 23, 37 , that are known to affect cerebellar circuit activity in a variety of ways [38] [39] [40] [41] [42] . However, the ability to clearly dissociate the effects of locomotor activity per se from changes in pupil size ( Fig. 3h and Supplementary Fig. 2 ) makes it unlikely that the effects we describe here can be explained by a simple relationship between noradrenergic activation and performance 23, 24, 43 . It is still possible that other locomotor-related neuromodulatory signals are involved. However, the results of the tickle experiment in Fig.  6 suggest that it may not be necessary to invoke neuromodulatory mechanisms to explain the modulation of cerebellar circuit processing we describe here.
Mechanisms of locomotor modulation of learning.
Several lines of evidence suggest that locomotor activity acts within the cerebellum to modulate eyeblink conditioning. First, modulation generalizes across CS modalities-responses to visual, auditory, and somatosensory CSs-were similarly enhanced by locomotion ( Fig.  3) . Second, learning to an optogenetic CS in the cerebellar cortex of mice expressing ChR2 in MF inputs was also positively modulated by locomotion (Fig. 4) . This experiment bypassed the portion of sensory processing of the CS that occurs upstream of the cerebellum, thereby demonstrating that locomotor modulation occurs downstream of cerebellar MFs.
Our results provide some clues about the sites where locomotor activity may exert its effects. We compared and contrasted the effects of optogenetic stimulation of the cerebellar cortex and deep nucleus of mice in which ChR2 was differentially targeted to distinct sets of cerebellar cell types. We found that blinks elicited by stimulation of MFs in the cerebellar cortex, but not of Purkinje cells, granule cells, or in the AIP, were positively modulated by locomotor activity (Fig. 5) . Given that optogenetic stimulation of neurons upstream, but not downstream, of the site of locomotor modulation would be predicted to evoke eyelid closures that would be positively modulated by locomotion, these findings are consistent with the idea that there is a site of locomotor modulation within the cerebellar cortex, downstream of MFs, and upstream of Purkinje cells.
The strength of the conclusions that can be reached from these optogenetic circuit dissection experiments depends on the degree of spatial and cell-type specificity that can be achieved. Several lines of evidence support the specificity of these experiments. First, the MF-ChR2 and Pkj-ChR2 lines have been previously used and validated, and we obtained histological, electrophysiological, and behavioral results consistent with their previously described, specific patterns of functional ChR2 expression (i.e., a blink at laser onset with MF stimulation, blink at laser offset with Purkinje cell stimulation, and no blink in non-ChR2-expressing controls; Fig. 5 ). Second, the failure to elicit a blink with a fiber placed in the AIP of gc-ChR2 mice ( Supplementary Fig. 5a,b) demonstrates that illumination was highly spatially specific, as predicted for the low stimulation intensities we used and the distance between the sites. Thus, while we cannot exclude the possibility that there may have been additional functional ChR2 expression in other cell types in some of these experiments, the totality of the data support the conclusion that there is a site of locomotor modulation within the cerebellar cortex that is sufficient to enhance behavioral responses.
We cannot completely rule out the existence of possible additional locomotor modulation within AIP. Some ChR2 expression in the cerebellar deep nuclei, including possibly nucleocortical reafferents 29 , could be present and mask modulation of MF inputs to AIP. In addition, MF-ChR2 stimulation in the cortex or AIP could have antidromically activated MF collaterals. However, the differential modulation observed at the two sites suggests that inadvertent antidromic stimulation was not a major factor in these experiments, perhaps because of the morphology and long-range nature of MF axons [44] [45] [46] .
In summary, of all of the combinations of ChR2 expression patterns and fiber placements that we tested, only eyelid closures elicited by stimulation within the cerebellar cortex of MF-ChR2 mice were positively modulated with locomotion. Thus, taken together, these findings suggest that locomotor activity acts within the cerebellar cortex, perhaps at the MF-granule cell connection, to enhance eyeblink conditioning.
One possibility is that convergence of locomotor and CS signals onto individual granule cells allows them to convey more reliable CS information to interneurons and Purkinje cells 9, 10, 30, [47] [48] [49] . Granule cells receive input from three to five distinct MFs, as well as inhibition from Golgi cells. Recent studies have demonstrated multimodal convergence of MF inputs onto single granule cells [30] [31] [32] 49 . Granule cells require multiple simultaneous MF inputs to reach threshold 33 , and MF-granule cell synaptic transmission is enhanced by glutamate spillover during locomotion 10 . Convergence of locomotor and CS MF inputs to a granule cell would therefore be expected to increase the probability of a postsynaptic action potential in response to the CS during locomotion. Modulation of Golgi cellgranule cell inhibition during locomotion 50 could also play a role.
Our last experiment (Fig. 6 ) revealed that elevated MF tone is sufficient to enhance CRs to a visual CS, even in the absence of changes in arousal. These experiments suggest that locomotor activity modulates eyeblink conditioning through a mechanism that could allow not only locomotor signals, but any generalized increase in MF activity, to modulate cerebellar learning.
Conclusion
We found that locomotor activity acts within the cerebellum, on rapid time scales and independently of competing effects of arousal, to enhance associative learning. The modulation of associative learning by behavioral state that we describe here is distinct from the previously described modulation of sensory cortical processing, in terms of both where and how it acts. Together with previous work, these findings suggest that the relationship between behavioral state and motor output under natural conditions will ultimately depend on the complex interplay between arousal and locomotor signals and their varying actions across brain areas.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41593-018-0129-x.
Animals. All procedures were carried out in accordance with the European Union Directive 86/609/EEC and approved by the Champalimaud Centre for the Unknown Ethics Committee and the Portuguese Direcção Geral de Veterinária (Ref. No. 0421/000/000/2015). All procedures were performed in male and female C57BL/6 mice approximately 10-14 weeks of age. The Thy1-ChR2/EYFP mouse line 27, 51 was obtained from the Jackson Laboratory (stock number: 007612). The Pkj-ChR2 mouse line was obtained by crossing L7-Cre mice (stock number: 004146 52 ) with ChR2-EYFP-LoxP mice (stock number: 012569 53 ), both lines from the Jackson Laboratory. The gc-ChR2 mouse line was obtained by crossing Gabra6-Cre mice 54 (which we previously used to knock out cannabinoid CB1 receptors specifically from granule cells in cerebellar cortex 55 ) with ChR2-EYFP-LoxP from the Jackson Laboratory (stock number: 012569) 53 . Mice were housed in groups of three to five with food and water ad libitum, and were kept on a reverse light cycle (12:12 h light:dark) so that all experiments were performed during the dark period while mice were more active.
Surgical procedures.
In all our surgeries, animals were anesthetized with isoflurane (4% induction and 0.5-1% for maintenance) and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). A head plate was glued to the skull with dental cement (Super Bond, C&B).
For in vivo electrophysiological recordings, craniotomies were drilled over the eyelid area of cerebellar cortex [56] [57] [58] [59] [60] (RC -5.7, ML + 1.9) and then filled over with a silicon-based elastomer (Kwik-cast, WPI) that was easily removed just before recording sessions. For optogenetic manipulations, optical fibers with 200-μ m core diameter, 0.22 NA (Doric Lenses, Quebec, Canada) were lowered into the brain through smaller craniotomies and positioned at the cortical eyelid region (RC -5.7, ML + 1.9, DV 1.5) or just over the AIP (RC -6, ML + 1.7, DV 2.1) 61 . The implants were fixed into place using dental cement (Super Bond, C&B). After any surgical procedure, mice were monitored and allowed ~1-2 d of recovery.
Behavioral procedures. The experimental setup was based on previous work 62, 63 . For all behavioral experiments, mice were head-fixed but could walk freely on a Fast-Trac Activity Wheel (Bio-Serv) and were habituated to the behavioral setup for at least 4 d before training. To externally control the speed of the treadmill, a DC motor with an encoder (Maxon) was used. For experiments on the motorized treadmill, mice were additionally habituated to walk at the target speed until they walked normally and displayed no external signs of distress (Supplementary Video 1). There was no difference between the groups in the amount of time habituated. Externally imposed speeds were chosen empirically by observing the comfort range of the head-fixed mice on the motorized treadmill; they roughly correspond to slow overland walking speeds in head-free mice 64 . Slower speeds were used in Figs. 4 and 5 to match the slower walking preferences of the Thy1 mice.
Running speed was measured using an infrared reflective sensor placed underneath the treadmill. Eyelid movements of the right eye were recorded using a high-speed monochromatic camera (Genie HM640, Dalsa) to monitor a 172 × 160pixel region at 900 fps. Custom-written software using LabView, together with a NI PCIE-8235 frame-grabber and a NI-DAQmx board (National Instruments), was used to trigger and control all the hardware in a synchronized manner.
After habituation, most of the behavioral experiments consisted of three phases: acquisition, test, and extinction. Acquisition sessions consisted of the presentation of 90% CS-US paired trials and 10% CS-only trials, which allowed analysis of the kinematics of CRs without the masking effect that comes from the US-elicited reflex blink. Test sessions were presented after mice had asymptote and consisted of 50% paired and 50% CS-only trials 62 . During extinction, 100% of the trials presented were CS-only. Each session consisted of 110 trials, separated by a randomized intertrial interval (ITI) of 5-20 s. In each trial, CS and US onsets were separated by a fixed interval (ISI) of 300 ms, and both stimuli co-terminated.
For all training experiments, the US was an airpuff (30-50 psi, 50 ms) controlled by a Picospritzer (Parker) and delivered via a 27-gauge needle positioned ~0.5 cm away from the cornea of the right eye of the mouse. The direction of the airpuff was adjusted for each session of each mouse so that the US elicited a normal eye blink. The CS had a 350-ms duration and was either (i) a white light LED positioned ~3 cm directly in front of the mouse, (ii) a piezoelectric device placed ~0.5 cm away from the ipsilateral vibrissal pad, or (iii) a tone (10 kHz, 68 dB) delivered by a speaker placed ~15 cm away from the mouse. Acquisition of eyeblink conditioning was conducted only once per animal; expression and acquisition data within individual figures comes from the same animals. Some animals from Fig. 5 were also used in Fig. 4 .
Behavioral analysis. The video from each trial was analyzed offline with customwritten software using Matlab (MathWorks). The distance between eyelids was calculated frame by frame by thresholding the grayscale image of the eye and extracting the count of pixels that constitute the minor axis of the elliptical shape that delineates the eye. Eyelid traces were normalized for each session, ranging from 1 (full blink) to 0 (eye fully open). Trials were classified as CRs if the eyelid closure reached at least 0.1 (in normalized pixel values) and occurred between 100 ms after the time of CS onset and the onset of US. The average running speed for each animal was calculated by summing the average speed of each session (total distance run divided by session duration) and dividing by the total number of learning sessions (usually 20). Running speed for each trial was calculated by dividing the distance run in the intertrial interval preceding the current trial by the elapsed time.
Optogenetic stimulation. Light from a 473-nm laser (LRS-0473-PFF-00800-03, Laserglow Technologies) was controlled with custom-written code using LabView software, and laser power was adjusted for each mouse and controlled for each experiment using a power meter (Thorlabs) at the beginning and end of each session. To investigate the modulation of locomotion on laser-driven blinks (Fig.  5) , the intensity of the laser was adjusted so that it would elicit an intermediate eyelid closure. For driving a blink via photostimulation of mice expressing ChR2 in MFs (eyelid region of cerebellar cortex or AIP), Purkinje cells, or granule cells, 4-ms pulses were delivered at 100 Hz for 50 ms. For the MF-ChR2 mice, laser power ranged from 0.16-2 mW, which (for the 100-µ m-radius optical fiber used in our study) corresponds to laser intensities of 5-64 mW/mm 2 (where laser intensity equals power divided by the cross-sectional area of the fiber). For the gc-ChR2 mice, laser power ranged from 0.5-4 mW, corresponding to intensities of 16-127 mW/mm 2 . For the Pkj-ChR2 mice, laser power ranged from 2.5-15 mW, corresponding to intensities of 80-480 mW/mm 2 . Note that all of these values are very low compared to previous studies 56, 65 . With these low intensities, stimulation was likely to be highly localized (predicted spread from cortex to AIP sites of < 1% based on https://web.stanford.edu/group/dlab/optogenetics; verified in Supplementary Fig. 5 ).
For activation of ChR2 in MFs within the cerebellar cortex as a CS (Fig. 4) , laser power was lowered below the threshold for detectable eyelid movement upon repeated stimulus presentation. The optogenetic CS consisted of stimulation of 350 ms duration (2-ms pulses delivered at 100 Hz) and was paired with a co-terminating 50-ms airpuff US. Laser power ranged from 0.25 to 0.9 mW, corresponding to intensities (power output per unit area) of 8-30 mW/mm 2 .
For low-level background stimulation of MFs in the cerebellar cortex ( Fig. 6 ), laser power ranged from 0.12 to 0.5 mW, corresponding to laser intensities (power per unit area) of 4-16 mW/mm 2 . During tickle blocks, 2-ms pulses were delivered at 50 Hz for the block duration. Tickle blocks (10 trials) were alternated with no-stimulation blocks.
Electrophysiological recordings. Single-and multiunit recordings were performed with quartz-insulated tungsten tetrodes (Thomas Recording, tip type A, impedances between 1 and 3 MOhm) or tungsten microelectrodes (75-µ m shaft diameter, FHC) mounted on a 200-µ m diameter optic fiber (fiber placed with 300-µ m offset to minimize optoelectric artifacts). Electrodes were controlled using a three-axis stereotaxic manipulator (Kopf) or a motorized four-axis micromanipulator (PatchStar, Scientifica).
Recordings were performed with an Intan digital amplifier/headstage with the Open Ephys digital acquisition board 66 . Online monitoring was done using a custom Bonsai software interface 67 . All recordings were digitized from the wideband signal (0.1 Hz-10 kHz, sampled at 30 kHz), and sorted offline using custom Matlab code for unit analysis. Single units were determined by checking the unit parameters, for example, ISI, firing rate, and LCV 68 .
In awake, head-fixed mice running on a treadmill, we targeted the eyeblink microzone either by monitoring the local field potential for a large depolarization to an airpuff stimulus applied to the ipsilateral eyelid 61 or by optogenetic stimulation driving a blink response. We recorded from a total of 56 recording sites, from 8 animals (6 Thy1-ChR2 animals, 4 sites in AIP and 24 sites in the cerebellar cortex; 1 Gabra6Cre-ChR2 mouse with 5 recording sites; and 1 L7-ChR2 mouse with 23 sites). Recording sites were chosen for clear unit activity. However, across all recording sites, even in the presence of a well-isolated single unit, spike waveform and ISI changes during laser stimulation indicated the presence of multiunit activity to optogenetic manipulation.
Histology.
After photostimulation experiments using chronically implanted optical fibers dipped in DiI (Sigma), animals were perfused transcardially with 4% paraformaldehyde and their brains removed so that fiber placement could be examined ( Supplementary Fig. 3 ). Coronal sections were cut on a vibratome and mounted on glass slides with Mowiol mounting medium. Histology images were acquired with an upright confocal laser point-scanning microscope (Zeiss LSM 710), using a 10× or 40× objective.
Statistical analysis. All statistical analyses were performed using the Statistics toolbox in Matlab. For the correlation between speed vs. onset session (Figs. 1e, 3c, and 4e) and speed vs. slope or plateau ( Supplementary Fig. 1 ), we used linear regression analysis. For the correlation between delta speed vs. delta CR amplitude from session to session (Fig. 1f ), speed vs. CR amplitude (Figs. 1h and 3b and Supplementary Fig. 2) , and speed vs. UR area (Fig. 1i ), we used a mixed ANOVA on the averages from all animals. We used the same approach to compare the effects of speed and arousal (pupil) on CRs (Figs. 3h and 4h and Supplementary  Fig. 2 ). For the correlation of speed vs. laser-driven eyelid responses (Fig. 5j ), we used a mixed ANOVA on all trials, adding animal as a random term. To compare the amplitudes of eyelid closure on the fast and slow speeds on the motorized treadmill (Figs. 4g and 5k-n), and amplitudes with and without low-level background stimulation of MF (Fig. 6e ), we used a Student's paired t test. To test effects on onset of learning ( Figs. 2b and 3e ) and average CR amplitude (Figs. 2d and 3g) at fast vs. slow speeds on the motorized treadmill, we used a two-sample t test. All t tests were two-sided. Differences were considered significant at *P < 0.05, **P < 0.01, and ***P < 0.001. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in previous publications 56, 63 . Unless otherwise indicated, data distribution was assumed to be normal. Data collection and analysis were not performed blind to the conditions of the experiments; mice were randomly assigned to specific experimental group without bias and no animals were excluded.
Reporting Summary. Further information on experimental design is available in the Nature Research Reporting Summary.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request. 
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Findings were replicated successfully in separate sets of experiments reported in different figures.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Mice were assigned to specific experimental groups without bias and no animals were excluded.
Blinding
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